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ABSTRACT  
Boron-doped diamond (BDD) has attracted much attentions in semi-/super-conductor physics and 
electrochemistry, where the surface structures play crucial roles. Herein, we systematically re-
examined the probable surface reconstructions of the bare and H-terminated BDD(100) and (111) 
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surfaces by using density functional theory (DFT). For the optimized structures, we performed 
STM image simulations based on Tersoff-Hamman scheme and calculations of the projected 
density of states. We found that: on the BDD(100), the p(2x1) reconstruction has lowest energy 
and the c(2x2) reconstruction has 0.1673 eV/surface-atom energy higher; On the BDD(111), the 
ideal (1x1) has lowest energy, the single chain SC-(2x1) and Pandey chain PC-(2x1) have 0.3415 
eV/surface-atom and 0.6576 eV/surface-atom higher energy, respectively. The BDD(111) appears 
to have more reconstructions than the BDD(100) which supports to the idea that the BDD(111) is 
more electrochemically reactive than the BDD(100).  In addition, we study the impact of the Boron 
dopant on the surface states of the BDD(111) and suggest the Boron-enhanced graphitization on 
the BDD(111). The results give an insight into the surface stability of the BDD.  
1. Introduction 
Nowadays, diamond is becoming a promising material for a wide range of applications from 
superconductor [1-3] to electrodes in battery [4-10]. Many chemical activities of diamond-based 
materials exhibit on the surface [5, 8]. The superconductivity of heavily Boron-doped diamond 
(BDD) was discussed to be either bulk, type II superconductor [1, 2] or, recently, attributed to the 
surface Yu-Shiba-Rusinov bands [3]. The ingredient which makes diamond exhibit various 
properties on the surface is doping. However, the stability of the BDD reconstructions as well as 
surface electronic properties is still unclear. That is due to the technical difficulties of high-
resolution surface measurements as well as the various possible reconstructions of the diamond 
surfaces depending on the doping conditions during the fabrication process [5, 6, 11-23].  
Many theoretical studies proposed various reconstructions of the diamond surfaces [24-45]. On 
the BDD(100),  the (100)-p(2x1) was predicted as the most stable reconstruction [27, 28, 31, 35, 
38]; In addition, Song.H proposed dihydride configurations on the diamond (100) and concluded 
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that the canted/titled (100)-(1x1):2H dihydride phase is the lowest energy among the dihydride 
structures [34]. On the BDD(111), three reconstructions were widely accepted: ideal (111)-(1x1), 
single chain (111)-(2x1)-SC, and Pandey chain (111)-(2x1)-PC [38-45]. In additions, both 
monohydride and dihydride terminations on the (111) surfaces were discussed as possible 
reconstructions [39, 40]. However, a comprehensive comparison of these reconstructions is still 
missing and the surface reconstruction energetics is remaining an open question. Moreover, the 
impact of Boron on the stability and the graphitization of the BDD(111) are in the debate [46]. 
In this paper, we classify the reconstruction stability (energy comparison) and electronic 
properties near the Fermi level of the diamond (100) and (111) surfaces with the bare, monohydride 
and dihydride terminations using first-principles geometry optimizations. The Tersoff-Hamann 
STM images are then simulated in order to provide the atomistic pictures for the comparison with 
the STM measurements in the future. Finally, we study the impact of Boron on the surface states 
of the BDD(111) by analyzing the energy, projected density of states and electron charge density.        
 
2. Calculation methods 
To obtain low-energy reconstructions of the surfaces, we use GGA DFT using the PBE [47] 
exchange-correlation functional implemented in the CPMD package [48]. The normconserving 
Goedecker pseudopotential [49] is used with 90 Ry cutoff energy. We apply 2x2x1 Monkhorst-
Pack K-mesh to all supercells during the geometry optimizations. The systems are optimized by 
the GDIIS algorithm [50, 51] with the convergence orbital of 1.0x10-5 a.u. and convergence 
geometry of 2.0x10-3 a.u. All calculations are spin-polarized because of the presence of Boron. 
After geometry optimizations, we carry out post-SCF calculations with 6x6x1 K-mesh to 
obtain total energy and DOS. In particular, we use PAW-PBE exchange-correlation with 400 eV 
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cutoff energy implemented in VASP package [52-55]. Supercells with 144 and 128 Carbon atoms 
are used to model the (100) (dimension: 10.107 Å x 5.03 Å x 50.28 Å) and (111) surfaces 
(dimension: 8.77 Å x 5.06 Å x 50.28 Å), respectively. The Z-axis is chosen to be about three times 
the thickness of the diamond slabs. Boron doping was represented by one boron dopant atom per 
144 (128) carbon atoms (~0.7%). We terminate Hydrogen atoms to all bottom surfaces of the slabs. 
The surface energy Es is defined as: 
    
Where Etot is total energy of the slab, µi is chemical potential of the boron, carbon and hydrogen, 
ni is the number of atoms, and N is the number of the topmost surface atoms of the slab. For the 
bare and monohydride surfaces, the number of surface atoms is 8 while that number for the 
dihydride surfaces is 16. The chemical potential of the Carbon, Hydrogen and Boron are -9.09 eV, 
-3.34 eV, and -5.40 eV, respectively. We consider bulk diamond, isolated H2 molecule, and neutral 
Boron atom at a lattice site of a bulk diamond to calculate the chemical potentials.  
We apply the Tersoff-Hamman approximation [56] to simulate the STM images. The tunneling 
current is approximated according to the Fermi-Golden rule: 
   
Where V is bias voltage, Mts is the matrix element, Nt and Ns are the density of states of the tip 
and surface, respectively. Tersoff and Hamman considered Nt to be constant and the tip’s 
wavefunction is atomic s-wave-function. The tunneling current, then, becomes: 
 
Es =
Etot − µini∑
N
I ≈ Mts
2
EF
EF +eV
∫ Nt (E − eV )Ns(E)dE
I ∝VNt (EF ) Ψs
s
∑ 2δ (Es − EF )
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The Tersoff-Hamman STM image, thus, reflects the electron density on the surface of the 
sample.  
 
3. Results and Discussion 
3.1. Surface reconstructions of the diamond (100) and (111): 
Figure 1 shows the atomistic views of the reconstructed diamond (100) (a) and (111) (b) 
surfaces. We found two symmetries on the (100): (100)-p(2x1) and (100)-c(2x2). The lower panels 
show the reconstructions with the presences of H-terminations (monohydride and dihydride). The 
dimer length of the bare and monohydride (100)-p(2x1) surface are 1.37 Å and 1.62 Å, 
respectively. While the dimer length of the bare and monohydride (100)-c(2x2) are 1.39 Å and 
1.68 Å, respectively. The geometrical difference between p(2x1) and c(2x2) symmetry is that an 
upper C-C dimer line is right shifted by one primitive cell. Moreover, we found a titled dihydride 
reconstruction (100)-titled:2H with the dimer length enlarges to 2.52 Å. This dihydride diamond 
surfaces is identical to canted/titled dihydride surface proposed by Song. H [34]. The differences 
in dimer lengths among different reconstructions may be a hint to identify the reconstructions in 
the STM experiment. 
We compare the surface energy of the optimized structures in Table. 1. It is shown that the 
surface energy of the monohydride (100)-p(2x1):1H is the lowest while the (100)-c(2x2):1H 
surface is 0.1673 eV/surface-atom higher). The dihydride (100)-titled:2H has higher energy than 
the lowest one about 0.0619 eV/surface-atom. It is noted that the number of surface Hydrogen 
atoms on the top in a dihydride supercell is 16 while that number in monohydride case is 8. We 
calculate the chemical potential of Hydrogen from an isolated H2 molecule for all structures. This 
chemical potential should be different for monohydride and dihydride because of various 
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conditions in experiment to terminate a dangling bond by either one or two Hydrogen atoms. 
Nevertheless, our result indicates that there is a high possibility of finding either the monohydride 
(100)-c(2x2):1H or the dihydride (100)-titled:2H structure in experiment. All the bare surfaces 
have significantly higher energy than the corresponding monohydride surfaces about 2 eV/surface-
atom. 
In Fig. 1(b), we show the reconstructed (111) surfaces. All the optimized (111) surfaces were 
reported in previous DFT papers [38-45]. They are monohydride ideal (111)-(1x1):1H, 
monohydride single chain (111)-(2x1)-SG:1H, monohydride Pandey chain (111)-(2x1)-PC:1H, 
and the dihydride single chain (111)-(2x1)-SC:2H. The dihydride Pandey chain is not stable during 
geometry optimization. The dimer lengths of the bare and monohydride (111)-(1x1) are 1.48 Å 
and 1.54 Å, respectively. For the Pandey chain, the dimer lengths of the top chain are 1.44 Å (bare) 
and 1.57 Å (monohydride); the dimer lengths of the lower chain are 1.56 Å (bare) and 1.60 Å 
(monohydride). For the single chain, the dimer lengths are 1.46 Å, 1.54 Å, and 1.52 Å for the bare, 
monohydride, and dihydride structure, respectively. 
For the diamond (111), the lowest-energy structure is monohydride ideal (111)-(1x1):1H. The 
monohydride Pandey chain (111)-(2x1)-PC:1H has 0.6576 eV/surface-atom higher than the ideal 
(1x1). The monohydride single chain (111)-(2x1)-SC:1H has higher surface energy than the ideal 
one about 0.3415 eV/surface-atom. The bare (111)-(2x1)-PC:0H is 1.5675 eV/surface-atom 
higher. The bare (111)-(2x1)-SC:0H and bare (111)-(1x1):0H are significant higher in energy 
about 2.8136 and 2.3210 eV/surface-atom, respectively. We suggest these bare surfaces are not 
stable. For the dihydride (111)-(2x1)-SC:2H, although it has 1.1211 eV/surface-atom higher 
energy than the ideal monohydride, there is a possibility that that configuration may survive under 
extreme conditions. Moreover, the surface energies of monohydride (111) are negative which 
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mean the reactivity of monohydride (111) is the strongest among all surfaces in this study. The 
detail of surface energies is in Table 2.  
 
Table 1. Calculated surface energies of the bare, monohydride, and dihydride BDD (100) surfaces 
Surfaces Es (eV) 
(100)-p(2x1):0H 2.9104 
(100)-p(2x1):1H 0.9733 
(100)-c(2x2):0H 3.0153 
(100)-c(2x2):1H 1.1406 
(100)-titled:2H 1.0352 
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Figure 1.  The atomistic reconstructions of (a) the diamond (100) and (b) (111) surfaces with bare, 
monohydride and dihydride terminations. The surface C-atoms are colored by black while the 
others are brown. The H-atoms are white balls. 
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Table 2. Calculated surface energies of the bare, monohydride, and dihydride BDD(111) surfaces 
Surfaces Es (eV) 
(111)-(1x1):0H 1.5314 
(111)-(1x1):1H -0.7896 
(111)-(2x1)-SC:0H 2.0240 
(111)-(2x1)-SC:1H -0.4481 
(111)-(2x1)-SC:2H 0.3315 
(111)-(2x1)-PC:0H 0.7774 
(111)-(2x1)-PC:1H -0.1320 
 
3.2. The projected density of states 
Figure 2 shows the projected density of states (PDOS) calculated for the (a) diamond (100) and 
(b) diamond (111) surfaces. We consider all Carbon atoms which stays within 5 Å below the 
topmost atom as surface Carbon atoms. In figure 2, we show the summations of projected density 
of states on these surface Carbon atoms decomposed into s-, p- and d-orbital. The PDOS show the 
dominant contribution of the p-orbital in the surface Carbon atoms to the surface-states as well as 
other states in valence and conduction band. We can see from Figure 2 that there are surface states 
in the bandgap of the bare structures while there are virtually no surface states in the H-terminated 
structures.  For the (100) surfaces, the bandgap is around 2 eV for monohydride (100)-p(2x1):1H 
and (100)-c(2x2):1H. The dihydride (100)-titled:2H structure has lower bandgap which is about 
1.8 eV. The PDOS of the (111) surfaces are shown in Figure 2(b).  We again observe the surface-
states staying in the bandgap in the bare structures. Although we observe the surface states in both 
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bare (100) and bare (111) surfaces, the surface energies of these surface are about 2-3 eV/surface-
atom higher in energy than the monohydride case. We suggest that the surface states if they survive 
in experiment should be found in another surface configurations.  For the monohydride surfaces, 
the surface-states virtually disappear and the bandgaps are 2~2.5 eV. The bandgap for the 
dihydride (111)-(2x1)-SC:2H is about 2.2 eV. In general, dihydride termination decreases the 
bandgap to about 10% compared to the monohydride termination.  
 
Table 3. Calculated surface energies of the hybrid graphene/diamond structure (111)-(1x1)-gr:0H, 
bare (111)-(1x1):0H and monohydride (111)-(1x1):1H with various Boron positions 
Surfaces Es (eV/surface-
atom) 
(111)-(1x1)-gr:0H 
Es (eV/surface-
atom) 
(111)-(1x1):0H 
Es (eV/surface-
atom) 
(111)-(1x1):1H 
undoped 1.0752 1.5314 -0.7896 
B at 1st layer 0.7494 1.1837 -0.7733 
B at 2nd layer 0.8399 1.2950 -0.7965 
B at 3rd layer 0.7582 1.1812 -0.7906 
B at 4th layer 0.7474 1.3174 -0.7994 
B at 5th layer 0.8478 1.2967 -0.7984 
B at 6th layer 0.9590 1.3479 -0.8000 
B at 7th layer 0.9848 1.3978 -0.7998 
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Figure 2. The projected density of states (PDOS) for the (a) (100) and (b) (111) surfaces. The total 
DOS is plotted with s-, p-, d-revolved orbital PDOS of the surface Carbon atoms. 
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3.3. The STM simulation 
To simulate the STM images of these surfaces, we apply the Tersoff-Hamann approximation [] 
to estimate the local charge density within the [-1.5:0] eV energy window which corresponds to -
1.5 V bias. Figure 3 shows the simulated STM images in the constant height mode of (a) the H-
terminated (100) and (b) (111) surfaces. The inset panels are electron charge distributions for eye-
guide. For the (100)-p(2x1):1H, the spots have circle shapes which connect to each other in parallel 
lines. For the (100)-c(2x2):1H, the circle spots connect to each other in a zigzag shape. For the 
(100)-titled:2H, the spots are isolated to each other which is similar to the unreconstructed surface 
and the positions of the spots are not aligned but titled. The distances between two spots in the 
(100) STM images are the dimer lengths which are mentioned in previous section. In Fig.3(b), we 
show the STM images of the H-terminated (111) surfaces. The distances between two spots in the 
(111) STM images are indicated in Figure 3(b) for convenient comparisons with the STM 
measurement in the future. For the (111)-(1x1):1H, the spots have triangle shapes with 2.53 Å 
separations. For the (111)-(2x1)-PC:1H, the spots have oval shapes with rectangular arrangement. 
The size of the rectangular is 1.26 Å * 4.39 Å. For the (111)-(2x1)-SC:1H and (111)-(2x1)-SC:2H, 
the size of the rectangular is 2.53 Å * 4.39 Å. The details of the STM morphology in our 
experiment and simulation can be found in our experiment paper and previous reports of other 
groups [57-68]. 
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Figure 3. Simulated STM images of various reconstructions on (a) the H-terminated diamond 
(100), (b) (111) surfaces. Insets show the electron charge density distributions. 
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Figure 4. Density of states of undoped and B-doped hybrid graphene/diamond (111)-(1x1)-gr:0H 
surfaces. The position of Boron is changed from 1 to 7. 
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Figure 5. Density of states of undoped and B-doped diamond bare (111)-(1x1):0H surface. The 
position of Boron is changed from 1 to 7. 
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3.4. The impact of Boron on the surface states of the BDD(111) 
In this section, we investigate the dependence of surface structures and surface states on the 
location of Boron dopant. For the H-terminated surface, there is no surface states and the PDOS 
also does not depend on the Boron’s position. The Fermi level always stays at the top of valence 
band regardless the Boron’s position. The surface energy is only varied between very narrow 
energy (-0.77~-0.80 eV) as indicated in Table 3. Therefore, we suspect that Boron only affects on 
the bare surface and then may enhance the graphitization. 
In this paper, we focus on the two surfaces which strongly depend on the Boron’s position: the 
bare (111)-(1x1):0H and the hybrid graphene-diamond (111)-(1x1)-gr:0H. The reason we study 
these structures is that there are theoretical and experimental reports [69-77] mention that the 
hybrid graphene-diamond structure or sp2-on-sp3 carbon-on-carbon structure was observed after 
CVD processes. The role of Boron was discussed to enhance the graphitization on the diamond 
(111) surface [46, 69-77] but the mechanism is still unclear. Herein, we compare the two surfaces: 
bare (111)-(1x1):0H and hybrid graphene-on-diamond (111)-(1x1)-gr:0H in order to identify the 
role of Boron on the graphitization. Figure  4 and Figure 5 show the PDOS of undoped and Boron-
doped of the two surfaces with the variation of Boron’s position. We observe the surface-states 
remain in the two kind of surfaces but the position of the Fermi level significantly changes from 
the middle gap to the valence band maximum (VBM) when the Boron moves from the top 
downward the diamond crystals. For the hybrid graphene/diamond surface in Figure 4, as the 
Boron is at the layer 1~5, the Fermi level stays near the middle gap and the PDOS strongly depend 
on whether Boron stays at the odd layer or even layer which is consistent with previous report 
[46]. We consider these Borons as surface Borons. When Boron stays at the layer 6-7, the Fermi 
level is very close to the VBM. We consider the Boron at layer 6-7 as bulk Boron. 
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states still remain regardless the Boron’s position. The situation is repeated in the bare (111)-
(1x1):0H surface (Figure 5).  The Fermi level stays very near VBM when Boron is at layer 7. We 
consider Boron at layer 7 as bulk Boron in this case. Interestingly, a clear bandgap appears when 
Boron at layer 7 because of the pinning effect. All the surface states are pinned to the EF near the 
VBM due to the bulk Boron and leaving a clear bandgap as can be seen in Figure 5. This finding 
provides an indication to detect the graphene-on-diamond structure based on the position of surface 
states.  
In our simulation, we cannot get the hybrid graphene-on-diamond (111)-(1x1)-gr:0H structure 
directly from the optimization of the bare (111)-(1x1):0H.  To study the impact of Boron on the 
formations of the surfaces, we calculate the surface energy in Table 3. In Table 3, we report the 
surface energy of undoped and B-doped structures: hybrid graphene-on-diamond (111)-(1x1)-
gr:0H, bare (111)-(1x1):0H and monohydride (111)-(1x1):1H. The impact of Boron on the un-
terminated surfaces is clear: the surface energy significantly decreases with the presence of Boron 
in the (111)-(1x1)-gr:0H and bare (111)-(1x1):0H while there is virtually no change in the 
monohydride (111)-(1x1):1H. Moreover, in the two unterminated surfaces (111)-(1x1)-gr:0H and 
the bare (111)-(1x1):0H, the surface energy increases from surface Boron to bulk Boron which 
means Boron prefers to stay near the bare surface rather than in bulk. Although our slab has only 
16 Carbon layers, this result supports the idea that Boron can stabilize the bare surface of 
BDD(111) and that the graphene-on-diamond structure can be formed. 
To clarify the mechanism how the surface Boron stabilize the bare (111)-(1x1):0H as well as why 
the PDOS significantly depends on whether the Boron stays in the odd or even layer, we analyze 
the spatial distribution of the charge density. Figure 6(a) shows the charge density of the bare 
undoped (111)-(1x1):0H in front and side views. The difference in colors is for eye-guide only in 
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order to easily distinguish different layers. The charge density can be divided into three regions 
namely: sp2, sp2.5, and sp3. In the region sp2, the charge density at individual Carbon atom has 
p-like shape and connects to the neighbors in 2D dimension. In the region sp3, the charge density 
at individual Carbon atom has tetrahedral shape and connects to the neighbors in 3D dimension. 
In the transition region sp2.5, there are two kinds of Carbon atoms: p-like Carbon and sp3-like 
Carbon. The p-like Carbon is similar to the Carbon in sp2 region, the sp3-like Carbon is similar to 
the Carbon in the sp3 region. The charge density at the sp3-like Carbon has tetrahedral shape but 
it does not connect to the lower neighbors along the vertical direction.  Figure 6(b) illustrates the 
arrangement of p-like and sp3-like Carbons of the sp2.5 region in the diamond matrix. The p-like 
Carbon occupies the top conner of a tetrahedral while the three sp3-like Carbons occupy the three 
lower conners of a tetrahedral as shown in Figure 6(b). This arrangement creates odd and even 
layers which reflect the difference in PDOS of Boron atom and the fluctuation of the surface energy 
as Boron move from the odd layer to the even layer as well [46]. The mechanism why Boron can 
stabilize the bare (111) surface is proposed in Figure 7. It can be seen from Figure 7 that regardless 
Boron stays at either even or odd layer, it always creates a bond with either Carbon atom in the 
lower layer or Carbon atom in the upper layer, respectively.  This mechanism stabilizes the sp2.5 
region. This mechanism also explains why the structure can be stabilized even though there are 
many dangling bonds remains on the top as shown in Figure 5. 
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Figure 6. The atomic view of the surface structure of the diamond (111) 
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Figure 7. The dependence of the charge density of the Boron’s position in the bare (111)-(1x1):0H. 
The number indicates the layer from the topmost Boron stays. 
 
4. Conclusions 
We systematically investigate the various low-energy reconstructions of the diamond (100) and 
(111) surfaces using density functionals theory. For the (100), we found three low-energy 
reconstructions: two monohydride surfaces: (100)-p(2x1):1H, (100)-c(2x2):1H, and one dihydride 
surface: (100)-titled:2H; The monohydride structures are the most stable ones, the dihydride 
structure is about 0.0619 eV/surface-atom higher in energy than the lowest one. For the diamond 
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(111) surfaces, there are four low-energy reconstructions: three monohydride surfaces: (111)-
(1x1):1H, (111)-(2x1)-PC:1H, (111)-(2x1)-SC:1H and one dihydride surface: (111)-(2x1)-SC:2H. 
The monohydride structures are the most stable ones, the dihydride structure is about 1.1211 
eV/surface-atom higher in energy than the lowest. These results indicate the high stability of 
monohydride surfaces which should be observed in experiment. Moreover, the dihydride structures 
may survive under extreme conditions. The STM images are simulated for the further 
consideration in the STM measurement in the future. Finally, we study the impact of Boron near 
the (111) surface. We categorize three regions near the bare diamond surface (111) namely sp2, 
sp2.5 and sp3 regions. The atomic structure of the region sp2.5 allows us to explain how Boron 
can stabilize the bare diamond surface (111). The formation of the graphene-on-diamond structure 
thus can be enhanced with the presence of surface Boron. 
 
AUTHOR INFORMATION 
Corresponding Author 
*E-mail: letheanh102@gmail.com 
*E-mail: TATEYAMA.Yoshitaka@nims.go.jp 
Author Contributions 
The manuscript was written through contributions of all authors. All authors have given approval 
to the final version of the manuscript. ‡These authors contributed equally. (match statement to 
author names with a symbol) 
Funding Sources 
 
 22 
ACKNOWLEDGMENT 
This work was supported in part by JSPS and MEXT KAKENHI Grant Numbers JP15K05138 
and JP19H05815, and MEXT “Program for Promoting Researches on the Supercomputer Fugaku 
(Fu-gaku Battery & Fuel Cell Project). The calculations were carried out on the supercomputers 
in NIMS and The University of Tokyo as well as Kyushu University. This research also used 
computational resources of the HPCI system including the K computer at RIKEN through the 
HPCI System Research Project (Project IDs: hp180091, hp180209, hp190126). 
REFERENCES 
General 
1. Ekimov, E. A., Sidorov, V. A., Bauer, E. D., Mel’nik, N. N., Curro, N. J., Thompson, J. 
D., & Stishov, S. M. (2004). Superconductivity in diamond. Nature, 428(6982), 542–
545. https://doi.org/10.1038/nature02449 
2. Zhang, G., Samuely, T., Iwahara, N., Kačmarčík, J., Wang, C., May, P. W., Jochum, J. 
K., Onufriienko, O., Szabó, P., Zhou, S., Samuely, P., Moshchalkov, V. V., Chibotaru, 
L. F., & Rubahn, H. G. (2020). Yu-Shiba-Rusinov bands in ferromagnetic 
superconducting diamond. Science Advances, 6(20). 
https://doi.org/10.1126/sciadv.aaz2536 
3. Ishizaka, K., Eguchi, R., Tsuda, S., Yokoya, T., Chainani, A., Kiss, T., Shimojima, T., 
Togashi, T., Watanabe, S., Chen, C. T., Zhang, C. Q., Takano, Y., Nagao, M., 
Sakaguchi, I., Takenouchi, T., Kawarada, H., & Shin, S. (2007). Observation of a 
superconducting gap in boron-doped diamond by laser-excited photoemission 
spectroscopy. Physical Review Letters, 98(4). 
https://doi.org/10.1103/PhysRevLett.98.047003 
4. Yamaguchi, C., Natsui, K., Iizuka, S., Tateyama, Y., & Einaga, Y. (2019). 
Electrochemical properties of fluorinated boron-doped diamond electrodes: Via fluorine-
containing plasma treatment. Physical Chemistry Chemical Physics, 21(25), 13788–
13794. https://doi.org/10.1039/c8cp07402j 
5. Einaga, Y. (2010). Diamond electrodes for electrochemical analysis. Journal of Applied 
Electrochemistry, 40(10), 1807–1816. https://doi.org/10.1007/s10800-010-0112-z 
6. Einaga, Y. (2018). Development of electrochemical applications of boron-doped 
diamond electrodes. Bulletin of the Chemical Society of Japan, 91(12), 1752–1762. 
https://doi.org/10.1246/bcsj.20180268 
7. Kasahara, S., Ogose, T., Ikemiya, N., Yamamoto, T., Natsui, K., Yokota, Y., Wong, R. 
A., Iizuka, S., Hoshi, N., Tateyama, Y., Kim, Y., Nakamura, M., & Einaga, Y. (2019). In 
 23 
Situ Spectroscopic Study on the Surface Hydroxylation of Diamond Electrodes. 
Analytical Chemistry, 91(8), 4980–4986. https://doi.org/10.1021/acs.analchem.8b03834 
8. Ivandini, T. A., & Einaga, Y. (2017). Polycrystalline boron-doped diamond electrodes 
for electrocatalytic and electrosynthetic applications. Chemical Communications, 53(8), 
1338–1347. https://doi.org/10.1039/c6cc08681k 
9. Comninellis, C., Kapalka, A., Malato, S., Parsons, S. A., Poulios, I., & Mantzavinos, D. 
(2008). Advanced oxidation processes for water treatment: Advances and trends for 
R&D. Journal of Chemical Technology and Biotechnology, 83(6), 769–776. 
https://doi.org/10.1002/jctb.1873 
10. Alfaro, M. A. Q., Ferro, S., Martínez-Huitle, C. A., & Vong, Y. M. (2006). Boron doped 
diamond electrode for the wastewater treatment. Journal of the Brazilian Chemical 
Society, 17(2), 227–236. https://doi.org/10.1590/S0103-50532006000200003 
 
Exp of diamond (100) and (111) 
11. Ando, T., Sakaguchi, I., & Loh, K. P. (1999). Surface structure of (formula presented) 
studied by a quantitative leed analysis. Physical Review B - Condensed Matter and 
Materials Physics, 59(15), 10347–10350. https://doi.org/10.1103/PhysRevB.59.10347 
12. Lvova, N., Ryazanova, A., Ananina, O., & Yemelianova, A. (2017). Modeling of 
fluorine atoms interaction with the fluorinated diamond С(100)-(2 × 1) surface. 
Diamond and Related Materials, 75, 110–115. 
https://doi.org/10.1016/j.diamond.2017.02.020 
13. Hoffmann, R., Kriele, A., Obloh, H., Hees, J., Wolfer, M., Smirnov, W., Yang, N., & 
Nebel, C. E. (2010). Electrochemical hydrogen termination of boron-doped diamond. 
Applied Physics Letters, 97(5). https://doi.org/10.1063/1.3476346 
14. Nimmrich, M., Kittelmann, M., Rahe, P., Mayne, A. J., Dujardin, G., Von Schmidsfeld, 
A., Reichling, M., Harneit, W., & Kühnle, A. (2010). Atomic-resolution imaging of 
clean and hydrogen-terminated C(100)- (2×1 ) diamond surfaces using noncontact AFM. 
Physical Review B - Condensed Matter and Materials Physics, 81(20). 
https://doi.org/10.1103/PhysRevB.81.201403 
15. Yang, Y. L., Struck, L. M., Sutcu, L. F., & D’Evelyn, M. P. (1993). Chemistry of 
hydrogen on diamond (100). Thin Solid Films, 225(1–2), 203–211. 
https://doi.org/10.1016/0040-6090(93)90156-J 
16. Bogdan, G., Nesládek, M., Haen, J. D., Maes, J., Moshchalkov, V. V., Haenen, K., & 
D’Olieslaeger, M. (2005). Growth and characterization of near-atomically flat, thick 
homoepitaxial CVD diamond films. Physica Status Solidi (A) Applications and 
Materials Science, 202(11), 2066–2072. https://doi.org/10.1002/pssa.200561930 
17. Loh, K. P., Xie, X. N., Lim, Y. H., Teo, E. J., Zheng, J. C., & Ando, T. (2002). Surface 
oxygenation studies on (1 0 0)-oriented diamond using an atom beam source and local 
anodic oxidation. Surface Science, 505, 93–114. https://doi.org/10.1016/S0039-
6028(02)01103-2 
 24 
18. Bobrov, K., Comtet, G., Hellner, L., Dujardin, G., & Hoffman, A. (2004). Molecular 
oxygen adsorption on partially hydrogenated diamond (100) surfaces. Applied Physics 
Letters, 85(2), 296–298. https://doi.org/10.1063/1.1772856 
19. Sowa, E. C., Kubiak, G. D., Stulen, R. H., & Van Hove, M. A. (1988). Summary 
Abstract: Structural analysis of the diamond C(111)-(2×1) reconstructed surface by low-
energy electron diffraction. Journal of Vacuum Science & Technology A: Vacuum, 
Surfaces, and Films, 6(3), 832–833. https://doi.org/10.1116/1.575078 
20. TH.KOHLERM, . STERN BERG), D. POREZAaGnd, T. F. (n.d.). Surface Properties of 
Diamond (111): 1 x 1, 2 x 1, and 2 x 2 Reconstructions. 
21. Kawarada, H. (1996). Hydrogen-terminated diamond surfaces and interfaces. Surface 
Science Reports, 26(7), 205–206. https://doi.org/10.1016/S0167-5729(97)80002-7 
22. Chevallier, J., Ballutaud, D., Theys, B., Jomard, F., Deneuville, A., Gheeraert, E., & 
Pruvost, F. (1999). Hydrogen in monocrystalline CVD boron doped diamond. Physica 
Status Solidi (A) Applied Research, 174(1), 73–81. https://doi.org/10.1002/(SICI)1521-
396X(199907)174:1<73::AID-PSSA73>3.0.CO;2-5 
23. Walter, S., Bernhardt, J., Starke, U., Heinz, K., Maier, F., Ristein, J., & Ley, L. (2002). 
Geometry of the (2 × 1) reconstruction of diamond (111). Journal of Physics Condensed 
Matter, 14(12), 3085–3092. https://doi.org/10.1088/0953-8984/14/12/301 
 
DFT diamond (100) and (111) 
24. Larsson, K. (2019). Simulation of Diamond Surface Chemistry: Reactivity and 
Properties. Diamonds in Scientific Research and High Technology [Working Title]. 
https://doi.org/10.5772/intechopen.86865 
25. Kelly, M. W., Halliwell, S. C., Rodgers, W. J., Pattle, J. D., Harvey, J. N., & Ashfold, 
M. N. R. (2017). Theoretical Investigations of the Reactions of N- and O-Containing 
Species on a C(100):H 2 x 1 Reconstructed Diamond Surface. Journal of Physical 
Chemistry A, 121(9), 2046–2055. https://doi.org/10.1021/acs.jpca.7b00466 
26. Larsson, K. (2020). The Combined Influence of Dopant Species and Surface 
Termination on the Electronic Properties of Diamond Surfaces. C — Journal of Carbon 
Research, 6(2), 22. https://doi.org/10.3390/c6020022 
27. Yang, S. H., Drabold, D. A., & Adams, J. B. (1993). Ab initio study of diamond C(100) 
surfaces. Physical Review B, 48(8), 5261–5264. 
https://doi.org/10.1103/PhysRevB.48.5261 
28. Cheesman, A., Harvey, J. N., & Ashfold, M. N. R. (2008). Studies of carbon 
incorporation on the diamond {100} surface during chemical vapor deposition using 
density functional theory. Journal of Physical Chemistry A, 112(45), 11436–11448. 
https://doi.org/10.1021/jp8034538 
29. Song, Y., & Larsson, K. (2015). A theoretical study of the effect of dopants on diamond 
(100) surface stabilization for different termination scenarios. Journal of Physical 
Chemistry C, 119(5), 2545–2556. https://doi.org/10.1021/jp511077v 
 25 
30. Petrini, D., & Larsson, K. (2007). Electron transfer from a diamond (100) surface to an 
atmospheric water adlayer: A quantum mechanical study. Journal of Physical Chemistry 
C, 111(37), 13804–13812. https://doi.org/10.1021/jp070565i 
31. Furthmüller, J., Hafner, J., & Kresse, G. (1996). Dimer reconstruction and electronic 
surface states on clean and hydrogenated diamond (100) surfaces. Physical Review B - 
Condensed Matter and Materials Physics, 53(11), 7334–7351. 
https://doi.org/10.1103/PhysRevB.53.7334 
32. Yang, Y. L., & D’Evelyn, M. P. (1992). Structure and Energetics of Clean and 
Hydrogenated Diamond (100) Surfaces by Molecular Mechanics. Journal of the 
American Chemical Society, 114(8), 2796–2801. https://doi.org/10.1021/ja00034a005 
33. Petrini, D., & Larsson, K. (2008). Origin of the reactivity on the nonterminated (100), 
(110), and (111) diamond surfaces: An electronic structure DFT study. Journal of 
Physical Chemistry C, 112(37), 14367–14376. https://doi.org/10.1021/jp711190r 
34. Hong, S. (2002). Energetics of the dihydride phases on the diamond (100) surface. 
Physical Review B - Condensed Matter and Materials Physics, 65(15), 1–4. 
https://doi.org/10.1103/PhysRevB.65.153408 
35. Petrini, D., & Larsson, K. (2007). A theoretical study of the energetic stability and 
geometry of hydrogen- and oxygen-terminated diamond (100) surfaces. Journal of 
Physical Chemistry C, 111(2), 795–801. https://doi.org/10.1021/jp063383h 
36. Hassan, M. M., & Larsson, K. (2014). Effect of surface termination on diamond (100) 
surface electrochemistry. Journal of Physical Chemistry C, 118(40), 22995–23002. 
https://doi.org/10.1021/jp500685q 
37. Zheng, X. M., & Smith, P. V. (1991). The topologies of the clean and hydrogen-
terminated C(100) surfaces. Surface Science, 256(1–2), 1–8. 
https://doi.org/10.1016/0039-6028(91)91194-3 
38. De La Pierre, M., Bruno, M., Manfredotti, C., Nestola, F., Prencipe, M., & Manfredotti, 
C. (2014). The (100), (111) and (110) surfaces of diamond: An ab initio B3LYP study. 
Molecular Physics, 112(7), 1030–1039. https://doi.org/10.1080/00268976.2013.829250 
39. Zheng, X. M. (1996). Electronic images of hydrogen-terminated diamond (111) surfaces. 
Surface Science, 364(2), 141–150. https://doi.org/10.1016/0039-6028(96)00375-5 
40. Scholze, A., Schmidt, W., & Bechstedt, F. (1996). Structure of the diamond (111) 
surface: Single-dangling-bond versus triple-dangling-bond face. Physical Review B - 
Condensed Matter and Materials Physics, 53(20), 13725–13733. 
https://doi.org/10.1103/PhysRevB.53.13725 
41. Song, Y., & Larsson, K. (2016). A theoretical study of dye molecules adsorbed onto 
diamond (111) surfaces. Physica Status Solidi (A) Applications and Materials Science, 
213(8), 2105–2111. https://doi.org/10.1002/pssa.201600154 
42. Zhao, S., & Larsson, K. (2014). Theoretical study of the energetic stability and geometry 
of terminated and B-doped diamond (111) surfaces. Journal of Physical Chemistry C, 
118(4), 1944–1957. https://doi.org/10.1021/jp409278x 
43. Zhao, S., & Larsson, K. (2016). First principle study of the attachment of graphene onto 
non-doped and doped diamond (111). Diamond and Related Materials, 66, 52–60. 
https://doi.org/10.1016/j.diamond.2016.03.017 
44. Wang, X., Wang, C., Shen, X., Larsson, K., & Sun, F. (2019). DFT calculations of 
energetic stability and geometry of o-terminated B- And N-doped diamond (1 1 1)-1 × 1 
 26 
surfaces. Journal of Physics Condensed Matter, 31(26). https://doi.org/10.1088/1361-
648X/ab152f 
45. Petrini, D., & Larsson, K. (2008). Theoretical study of the thermodynamic and kinetic 
aspects of terminated (111) diamond surfaces. Journal of Physical Chemistry C, 112(8), 
3018–3026. https://doi.org/10.1021/jp709625a 
46. Lu, C., Yang, H., Xu, J., Xu, L., Chshiev, M., Zhang, S., & Gu, C. (2017). Spontaneous 
formation of graphene on diamond (111) driven by B-doping induced surface 
reconstruction. Carbon, 115, 388–393. https://doi.org/10.1016/j.carbon.2017.01.030 
 
DFT methods 
47. Perdew, J. P., Burke, K., & Ernzerhof, M. (1996). Generalized gradient approximation 
made simple. Physical Review Letters, 77(18), 3865–3868. 
https://doi.org/10.1103/PhysRevLett.77.3865 
48. CPMD v4.3.0 (4.3.0). (n.d.). http://www/cpmd.org 
49. Goedecker, S., & Teter, M. (1996). Separable dual-space Gaussian pseudopotentials. 
Physical Review B - Condensed Matter and Materials Physics, 54(3), 1703–1710. 
https://doi.org/10.1103/PhysRevB.54.1703 
50. Császár, P., & Pulay, P. (1984). Geometry optimization by direct inversion in the 
iterative subspace. Journal of Molecular Structure, 114(C), 31–34. 
https://doi.org/10.1016/S0022-2860(84)87198-7 
51. Farkas, Ö., & Schlegel, H. B. (1999). Methods for optimizing large molecules. II. 
Quadratic search. Journal of Chemical Physics, 111(24), 10806–10814. 
https://doi.org/10.1063/1.480484 
52. Kresse, G., & Hafner, J. (1993). Ab initio molecular dynamics for liquid metals. 
Physical Review B, 47(1), 558–561. https://doi.org/10.1103/PhysRevB.47.558 
53. Kresse, G., & Furthmüller, J. (1996). Efficiency of ab-initio total energy calculations for 
metals and semiconductors using a plane-wave basis set. Computational Materials 
Science, 6(1), 15–50. https://doi.org/10.1016/0927-0256(96)00008-0 
54. Kresse, G., & Furthmüller, J. (1996). Efficient iterative schemes for ab initio total-
energy calculations using a plane-wave basis set. Physical Review B - Condensed Matter 
and Materials Physics, 54(16), 11169–11186. 
https://doi.org/10.1103/PhysRevB.54.11169 
55. Joubert, D. (1999). From ultrasoft pseudopotentials to the projector augmented-wave 
method. Physical Review B - Condensed Matter and Materials Physics, 59(3), 1758–
1775. https://doi.org/10.1103/PhysRevB.59.1758 
56. Tersoff, J., & Hamann, D. R. (1985). Theory of the scanning tunneling microscope. 
Physical Review B, 31(2), 805–813. https://doi.org/10.1103/PhysRevB.31.805 
 
STM of (100) and (111) 
 27 
57. Ando, T., Sakaguchi, I., & Loh, K. P. (1999). Surface structure of (formula presented) 
studied by a quantitative leed analysis. Physical Review B - Condensed Matter and 
Materials Physics, 59(15), 10347–10350. https://doi.org/10.1103/PhysRevB.59.10347 
58. Hellner, L., Mayne, A. J., Bernard, R., & Dujardin, G. (2005). Hydrogenated diamond 
crystal C(100) conductivity studied by STM. Diamond and Related Materials, 14(9), 
1529–1534. https://doi.org/10.1016/j.diamond.2005.04.006 
59. Schenk, A. K., Rietwyk, K. J., Tadich, A., Stacey, A., Ley, L., & Pakes, C. I. (2016). 
High resolution core level spectroscopy of hydrogen-terminated (1 0 0) diamond. 
Journal of Physics Condensed Matter, 28(30). https://doi.org/10.1088/0953-
8984/28/30/305001 
60. Nützenadel, C., Küttel, O. M., Diederich, L., Maillard-Schaller, E., Gröning, O., & 
Schlapbach, L. (1996). STM investigations with atomic resolution on the (2 × 1) 
monohydride natural doped diamond (100) surface. Surface Science, 369(1–3). 
https://doi.org/10.1016/S0039-6028(96)01120-X 
61. Nimmrich, M., Kittelmann, M., Rahe, P., Mayne, A. J., Dujardin, G., Von Schmidsfeld, 
A., Reichling, M., Harneit, W., & Kühnle, A. (2010). Atomic-resolution imaging of 
clean and hydrogen-terminated C(100)- (2×1 ) diamond surfaces using noncontact AFM. 
Physical Review B - Condensed Matter and Materials Physics, 81(20). 
https://doi.org/10.1103/PhysRevB.81.201403 
62. Kawarada, H., Sasaki, H., & Sato, A. (1995). Scanning-tunneling-microscope 
observation of the homoepitaxial diamond (001) 2×1 reconstruction observed under 
atmospheric pressure. Physical Review B, 52(15), 11351–11358. 
https://doi.org/10.1103/PhysRevB.52.11351 
63. Mayne, A. J., Riedel, D., Comtet, G., & Dujardin, G. (2006). Atomic-scale studies of 
hydrogenated semiconductor surfaces. Progress in Surface Science, 81(1), 1–51. 
https://doi.org/10.1016/j.progsurf.2006.01.001 
64. Andrew J. Mayne* and Gérald Dujardin. (2005). STM Characterization of Hydrogenated 
Diamond Surfaces. New Diamond and Frontier CarbonTechnology, 15(5). 
65. Nimmrich, M., Kittelmann, M., Rahe, P., Mayne, A. J., Dujardin, G., Von Schmidsfeld, 
A., Reichling, M., Harneit, W., & Kühnle, A. (2010). Atomic-resolution imaging of 
clean and hydrogen-terminated C(100)- (2×1 ) diamond surfaces using noncontact AFM. 
Physical Review B - Condensed Matter and Materials Physics, 81(20). 
https://doi.org/10.1103/PhysRevB.81.201403 
66. Bobrov, K., Mayne, A. J., & Dujardin, G. (2001). Atomic-scale imaging of insulating 
diamond through resonant electron injection. Nature, 413(6856), 616–619. 
https://doi.org/10.1038/35098053 
67. Sasaki, H., & Kawarada, H. (1993). Structure of chemical vapor deposited diamond 
(111) surfaces by scanning tunneling microscopy. Japanese Journal of Applied Physics, 
32(12 A), L1771–L1774. https://doi.org/10.1143/JJAP.32.L1771 
68. Sasaki, H., & Kawarada, H. (1993). Structure of chemical vapor deposited diamond 
(111) surfaces by scanning tunneling microscopy. Japanese Journal of Applied Physics, 
32(12 A), L1771–L1774. https://doi.org/10.1143/JJAP.32.L1771 
 
Graphitization sp2-on-sp3 
 28 
69. Thonke, K. (2003). The boron acceptor in diamond. Semiconductor Science and 
Technology, 18(3). https://doi.org/10.1088/0268-1242/18/3/303 
70. Selli, D., Baburin, I., Leoni, S., Zhu, Z., Tománek, D., & Seifert, G. (2013). Theoretical 
investigation of the electronic structure and quantum transport in the graphene-C(111) 
diamond surface system. Journal of Physics Condensed Matter, 25(43). 
https://doi.org/10.1088/0953-8984/25/43/435302 
71. Wu, Y., Lin, Y. M., Bol, A. A., Jenkins, K. A., Xia, F., Farmer, D. B., Zhu, Y., & 
Avouris, P. (2011). High-frequency, scaled graphene transistors on diamond-like carbon. 
Nature, 472(7341), 74–78. https://doi.org/10.1038/nature09979 
72. Balatsky, A. V., Vekhter, I., & Zhu, J. X. (2006). Impurity-induced states in 
conventional and unconventional superconductors. Reviews of Modern Physics, 78(2), 
373–433. https://doi.org/10.1103/RevModPhys.78.373 
73. Ma, Y., Dai, Y., Guo, M., & Huang, B. (2012). Graphene-diamond interface: Gap 
opening and electronic spin injection. Physical Review B - Condensed Matter and 
Materials Physics, 85(23). https://doi.org/10.1103/PhysRevB.85.235448 
74. Zhao, S., & Larsson, K. (2019). First Principle Study of the Attachment of Graphene 
onto Different Terminated Diamond (111) Surfaces. Advances in Condensed Matter 
Physics, 2019. https://doi.org/10.1155/2019/9098256 
75. Tokuda, N., Fukui, M., Makino, T., Takeuchi, D., Yamsaki, S., & Inokuma, T. (2013). 
Formation of graphene-on-diamond structure by graphitization of atomically flat 
diamond (111) surface. Japanese Journal of Applied Physics, 52(11 PART 1). 
https://doi.org/10.7567/JJAP.52.110121 
76. Yuan, Q., Lin, C. Te, & Chee, K. W. A. (2019). All-carbon devices based on sp 2 -on-sp 
3 configuration. APL Materials, 7(3). https://doi.org/10.1063/1.5082767 
77. Cui, D., Li, H., Li, M., Li, C., Qian, L., Zhou, B., & Yang, B. (2019). Boron-Doped 
Graphene Directly Grown on Boron-Doped Diamond for High-Voltage Aqueous 
Supercapacitors. ACS Applied Energy Materials, 2(2), 1526–1536. 
https://doi.org/10.1021/acsaem.8b02120 
 
(Word Style “TF_References_Section”).  
